Using the theory of coupled vibrations, the lateral-excitation mode is theoreticaliy analyszed. As a result, a formula for the electromechanical coupling coefficient k 31 was derived as a function of the aspect ratio between the width and length of a rectangular thin-plate piezoelectric vibrator. This formula can be used in the design for device fabrication using a lateralexcitation-mode piezoelectric vibrator with an arbitrary aspect ratio. The thickness-excitation-mode piezoelectric vibrator has been studied by many researchers because of its high electroacoustic efficiency.
The thickness-excitation-mode piezoelectric vibrator has been studied by many researchers because of its high electroacoustic efficiency. [1] [2] [3] However, the lateral-excitation mode has been studied less than the thickness-excitation mode. Recently, it has become possible to realize a lateralexcitation-mode vibrator with high efficiency because of the development of high-quality piezoelectric ceramics. Therefore, devices fabricated using a lateral-excitation-mode vibrator, such as the piezoelectric bimorph actuator, piezoelectric transformer, and surface wave transducer, are widely used in high-tech industries. [4] [5] [6] [7] In the design of the lateralexcitation-mode vibrator, the aspect ratio of the vibrator is one of the most important factors for the optimization. For example, to design the bending-mode piezoelectric actuator, the bending moment generated on a cross-section is one of the most important factors. The coupling coefficient k 31 (or k 32 ) is an important factor in determining the characteristics of the bending moment. 8) Therefore, the aspect ratio of the lead zirconate titanate (PZT) plate used for the bending mode strongly affects its efficiency. However, it is difficult to obtain a theoretical method for analyzing the lateralexcitation-mode vibrator considering its aspect ratio. In this study, the lateral-excitation mode is theoretically analyzed. The electromechanical coupling coefficient k 31 is formulated as a function of the aspect ratio.
The geometry for the theoretical analysis of the lateralexcitation-mode vibrator is shown in Fig. 1 . The electrical boundary conditions of this vibrator are D x ¼ D y ¼ E x ¼ E y ¼ 0, and the mechanical condition is T 3 ¼ 0. Following the conventional procedure, there are no shear vibrations involved, so that we can write the constitutive relations as
Eliminating stress T 2 using eq. (3), eqs. (1a) and (1d) are rewritten as
The internal energy relation and the definition of the electromechanical coupling coefficient are given by the following equations 
where U e , U m , and U d are elastic energy, mutual energy, and dielectric energy, respectively. Substituting eqs. (4) and (5) into eqs. (6) and (7), we can obtain a general formula for k
under a static condition as
Solving eq. (9), the resonant frequencies f a and f b are obtained as
The variation of f a and f b given by eqs. (10a) and (10b) was calculated for PZT-5 as shown in Fig. 2 . Note that the frequency f b is always lower than f a as shown in Fig. 2 hence, f b always represents the resonant frequency of the larger dimension. In other words, for an aspect ratio larger than 1, f b represents the vibration frequency of the transverse mode along x 1 , whereas for an aspect ratio less than 1, it represents the vibration frequency of the transverse mode along x 2 . Obviously, this frequency ratio f b = f a will also depend on the aspect ratio of the coupling between the two modes, and will be the strongest when G ¼ 1, and vanish for G ! 0 and G ! 1. From these tendencies of the frequency ratio f b = f a , we can expect gðGÞ in eq. (3) to be a function of f b = f a and G.
To determine gðGÞ, we assume that it is gðGÞ of the following form.
In the limit of the aspect ratio G ! 0, because gðGÞ has to be 1, the function ðGÞ can be written in the following form.
Thus, the function gðGÞ in eq. (8) can be expressed as the following equation.
Substituting eq. (13) into eq. (8), we can obtain a generalized formula for the electromechanical coupling coefficient k 31 as a function of the aspect ratio G. We can easily confirm that the coupling coefficient k , as defined in the IEEE Standard, 11) when the aspect ratio G has extreme values as follows
Using the formula derived from eqs. (8) and (13), we calculated the aspect-ratio dependence of the electromechanical coupling coefficient k Using the theory of coupled vibrations, we have derived a formula for the electromechanical coupling coefficient k 31 as a function of the aspect ratio between the width and length of a rectangular thin-plate piezoelectric vibrator. This formula can be used to provide an accurate description of the energy conversion efficiency for a vibrator, and the efficiency is an important factor in designing devices fabricated using a lateral-excitation-mode piezoelectric vibrator with an arbitrary aspect ratio. 
